Abstract: Two novel poly(pyridinylene vinylene) (PPV)-type conjugated polyelectrolytes 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) were synthesized via Heck coupling reaction and characterized by 1 H nuclear magnetic resonance (NMR), ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy. The two polymers consisting of meta-position substituted pyridinylenes as the metal recognition unit and a water-soluble divinyl-benzene derivative in the backbones. 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) both exhibit strongest fluorescence in methanol and weakest fluorescence in water among common polar solvents. In respect of ion detection, 3,5-PPYPV-(2+) has an excellent identifiability for Pd 2+ in methanol with the K_SV value of 1.1 × 10 5 m −1 while 2,6-PPYPV-(2+) has a good selectivity for Cu 2+ and Hg 2+ in aqueous solution. And all the Stern-Volmer plots of 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) in fluorescence quenching for metal ions have favorable tendencies. All the results suggest that 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) are promising materials in the applications of high performance chemosensors for some specific metal ions.
Introduction
Conjugated polyelectrolytes (CPEs) have been the hot spot in the area of polymer material science and polymer chemistry over the years. The chemical structure of the CPEs provides a unique set of properties, including excellent water solubility and convenient process ability, main-chain-controlled exciton and charge transport, variable band gap, tunable light absorption and fluorescence, ionic interactions and aggregation phenomena (1) . With the above-mentioned characteristics, these materials have been widely investigated for a variety of optoelectronic applications, such as polymer light-emitting diodes (PLEDs) (2) , photovoltaic devices (3) and fluorescent chemosensors (4) . In recent years, CPEs have showed great potential as novel chemosensors or biosensors materials due to their fluorescence quenching amplification (5) , high sensitivities to analytes (6) and environment-friendly biocompatibility (7) . Compared to small molecule fluorescence chemosensors, conjugated polymers as delocalized π-electronic conjugated "molecular wires" can greatly amplify the fluorescence signal by the facile energy migration along the polymer backbone upon light excitation and the amplification of fluorescent signals resulted from the excitation energy transfer to the chromophore along the whole backbone (8) . Therefore, CPEs containing featured recognition sites in their main-chain or side-chain were used for the detection of chemical or bioactive species, such as metal ions (9) , DNA/RNA (10), proteins (10) , methyl viologen (11) , melamine (12) , saccharides (13) , etc.
In respect of ion detection with polymer chemosensor, pyridine is an excellent ligand to bind transition metal ions with the lone pair electrons of nitrogen filled in the unoccupied orbitals of ions. This process finally leads to a coordination compound being formed and it could change the electronic structures of the polymer main chain which can lead to observable variation or remarkable quenching of fluorescence. Thus, with the pyridine ring as the recognition unit among the backbone, the pyridine-based conjugated polymers have realized sensitive detections of multiple ions (14) . However, the common conjugated polymers for the detection of metal ions are basically oil-soluble because the alkoxy-substituted aromatic ring systems are frequently used as the copolymerization unit (15) . Thus, the fluorescence sensing properties should be investigated in a weak polar solvent such as tetrahydrofuran. Even so, few publications concerned about CPEs for the detection of ions have been reported (16) . In these pioneering works on the CPE-based fluorescence chemosensor, the poly(phenylene ethynylene) (PPE) backbone is the most commonly used structure. Although the C-C triple bond along these polyelectrolytes can give a satisfactory fluorescence property, the rigid main chain can result in the considerable π-π aggregation of the polyelectrolytes in polar solvents (17) .
As for the detection of metal ions, few cationic CPEs have been reported because of the limitations of synthetic methods (18) , and almost all of these cationic polymers were synthesized via the "indirect method". This kind of approach requires a quaternization reaction between the tertiary amine side group and the haloalkane after the palladium-catalyzed coupling copolymerization. Completely positively-charged cationic polyelectrolytes cannot be obtained through this indirect method because not all the amino groups linked to the side-chain of the polymers can be charged in this procedure which can result in a poor solubility. In general, the quaternization degree of the polyelectrolyte which can be obtained from nuclear magnetic resonance (NMR) analysis will remain below 60% (19) . In our previous work, a "direct strategy" was designed and achieved to afford the completely charged cationic polymer (20) . In this multi-step synthetic route, a cationic copolymerization monomer 1,4-bis(3-(N,N,Ntriethylammonium)-1-oxapropyl)-5-divinyl-benzene dibromide was prepared first via the quaternization reaction followed by Heck-coupling polymerization with another monomer to give novel cationic polymers. This direct strategy can ensure that all the tertiary amine groups can be transformed to quaternary ammonium salt.
Herein, Heck-coupling reaction between metaposition substituted pyridine dihalide derivatives and the reported cationic monomer was implemented to afford two novel cationic pyridine-contained CPEs 3,5-PPYPV-(2+) and 2,6-PPYPV-(2+), respectively. The two novel poly(pyridinylene viylene) (PPV)-type CPEs possess better solubility than PPE-type polyelectrolytes. Like with other CPEs, both polymers show remarkable photophysicssolvent dependence. In aqueous solution, the polymers exhibit weak fluorescence due to the J-aggregation. On the contrary, the cationic PPYPVs have feeble aggregations in methanol and the polymer solutions emit stronger fluorescence than that of aqueous solution. Furthermore, 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) both exhibit highly identifiability for Pd 2+ in methanol which is similar to the reported works of oil-soluble pyridine-contained PPE conjugated polymer (21) . In addition, 2,6-PPYPV-(2+) can discern Cu 2+ in methanol and Hg
2+
, Cu 2+ in aqueous solution as well. In comparison to the ability of 2,6-PPYPV-(2+) for detecting metal ions, 3,5-PPYPV-(2+) shows an excellent recognition capacity for Pd 2+ in methanol solution.
Experimental

Measurements
1 H NMR measurements were carried out on a Bruker Avance II-400MHz spectrometer (Bruker, Karlsruhe, Germany) with tetramethylsilane as the internal reference. UV-Vis spectra were performed on an AnalytikJena Specord200Plus UV-Vis spectrophotometer (AnalytikJena, Jena, Germany). Photoluminescence (PL) spectra were recorded on a Hitachi F-4600 luminescence spectrophotometer (Hitachi, Tokyo, Japan). All spectra were measured at room temperature.
Materials
All of chemicals were purchased from Aladdin Industrial Corporation (Aladdin, Shanghai, China) and were used directly without further purification.
Synthesis of polymers
Monomer 1 was synthesized from hydroquinone as the primal reactant via five steps. The synthetic details refer to the published literature (20) .
Synthesis of 3,5-PPYPV-(2+)
Under argon atmosphere, monomer 1 (0.578 g, 1.00 mmol), 3,5-dibromopyridine (0.237 g, 1.00 mmol), palladium(II) acetate (0.014 g, 0.06 mmol) and tri(o-tolyl)phosphine (0.073 g, 0.24 mmol) were dissolved in the mixed solvent (toluene/triethylamine/DMSO = 2 ml/4 ml/4 ml). The reaction mixture was stirred at 130°C for 6 h and subsequently cooled to room temperature. The resulting solution was filtered and the filtrate was poured into the mixed solvent (ethyl ether/ethanol). The precipitate was isolated by filtration and then redissolved in deionized water (10 ml 
Synthesis of 2,6-PPYPV-(2+)
The route is the same to 3,5-PPYPV-(2+) and the product is a dark-brown metallic luster powder. Yield: 0.2860 g, 43.8%. As some references have reported, the molecular weight data is not available from common techniques such as gel permeation chromatography (GPC) or light scattering method due to the aggregation phenomenon of CPEs (22) . It is difficult to find an appropriate solvent which leads to weak aggregation of CPEs with high concentration to finish the GPC measurement. Furthermore, CPEs may be easily adsorbed on the chromatographic column to give imprecise results. In this investigation, solutions of 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) were dialyzed by 4 kDa MWCO cellulose membrane. This approach can ensure that the molecular weight of 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) are more than 4000 (at least eight repeating units).
Photophysical properties of polymers
In order to explore photophysical properties, we measured ultra violet-visible (UV-Vis) spectra and photoluminescence (PL) spectra of these two CPEs in different solvents at the same concentration (2.0 × 10 −5 m, calculated by repeating units). All the absorption and emission maxima of the polymer solutions are listed in Table 1 , respectively.
As shown in Table 1 , in the same solvent, 2,6-PPYPV-(2+) possesses smaller absorbance maxima compared with 3,5-PPYPV-(2+). In DMSO and N,N-dimethylformamide (DMF), the absorbance maxima of 2,6-PPYPV-(2+) solutions are both 393 nm while the maxima of 3,5-PPYPV-(2+) solutions are both 400 nm in these two solvents. The difference of absorbance maxima between the two polymers can be attributed to the different main-chain structure of the polymers. In addition, these polymers exhibit an obvious blue shift of the maximum absorption in protic solvent (methanol, water) compared to aprotic solvent. This unusual behavior could be attributed to the hydrogen bond which is formed between solvent molecules, pyridine rings and the mutual electrostatic repulsion of positive charges in quaternary ammonium salt groups linked to the benzene rings which leads to an increased torsional angle along the conjugated backbone and a decreased effective conjugation length. This phenomenon is similar to other reported positive charged CPEs (23, 24) .
In the fluorescence spectra which are shown in Figure 1 , both polymers exhibit remarkable fluorescence intensities in DMF, DMSO and methanol. However, with the same concentration, aqueous solutions of the polymers exhibit very weak fluorescence and a red shift of the emission maxima in the spectra compared with other polymer solutions. For this consequence, many published results has confirmed that conjugated polyelectrolyte molecules are aggregated strongly by π-π stacking which can consume the energy of excited state to emit weak fluorescence with longer wavelength in aqueous solutions (25, 26) . Thus, these results of spectra prove that 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+) exhibit typical solution photophysical behavior as the CPEs. In addition, as the chemical structure shown in Scheme 1, the backbone of 2,6-PPYPV-(2+) is connected through the α-carbon atoms of pyridine ring which become electron deficient due to the electron-withdrawing inductive effects of the adjoining nitrogen atom. But for 3,5-PPYPV-(2+), it is connected through the β-carbon atoms of pyridine ring which have the highest electron cloud density. Therefore, a stronger charge-transfer effect exists between the pyridine unit and divinyl benzene in 2,6-PPYPV-(2+) rather than 3,5-PPYPV-(2+) which leads to a larger Stokes shift of 2,6-PPYPV-(2+). According to all the results of spectra, we confirm that the two polymers, 2,6-PPYPV-(2+) and 3,5-PPYPV-(2+), both have the distinct photophysical-solvent dependence.
Sensing properties with metal ions 2.5.1 Sensing properties of 2,6-PPYPV-(2+)
To examine the interaction with metal ions, the responsive properties of 2,6-PPYPV-(2+) were studied by fluorescence spectroscopy in water and methanol at a concentration of 2.0 × 10 −5 m. In aqueous solution and methanol solution, the fluorescence spectroscopy of 2,6-PPYPV-(2+) with metal ions such as Co , a medium decrease of the fluorescence has occurred. Moreover, Cu 2+ exhibits a strong quenching ability in the spectrum and Hg 2+ can observably quench the fluorescent emission of 2,6-PPYPV-(2+). As shown in Figure 2B , differing from aqueous solution, the sensitivity of 2,6-PPYPV-(2+) for Cu 2+ Figure 3A and B, respectively. Upon addition of Hg , which is the result for conjugated polyelectrolyte based on benzoselenadiazole in the sensing investigation for Hg 2+ (28) . On the other hand, at the full range of concentration with Cu 2+ (0-2.6 × 10 −5 m), the Stern-Volmer plot also has a linear interrelationship as shown in Figure 3D and it is certain that there is a turn of slope at the concentration of 5.0 × 10 −6 m (see Figure 3D ). Thus, another SternVolmer plot is fitted as the equation, y = 0.029x + 1.36965. Otherwise, the plot of fluorescence quenching presents a slightly downward curvature, suggesting the presence of the fractional accessibility of polymer molecules during the interaction with metal ions (29) . According to . It is shown that Hg 2+ had a highest fluorescence-quenching degree around 1.84. Cu 2+ also has a high quenching degree around 1.19, and other metal ions have ignorable quenching degrees (0.060-0.26). These results show that 2,6-PPYPV-(2+) exhibits great selectivity and sensitivity of Hg 2+ and Cu 2+ ions in the aqueous phase. The investigation of 2,6-PPYPV-(2+) in methanol solution is same as in aqueous solution. Figure 5A shows the fluorescence spectra of 2,6-PPYPV-(2+) with different concentrations of Pd 2+ in methanol solution. It is indicated that 2,6-PPYPV-(2+) has a wonderful identification ability for Pd decreased from 611 to 16 and about 97% of fluorescence is quenched. 2,6-PPYPV-(2+) also has a wonderful identification ability for Cu 2+ as same as Pd
2+
. As shown in Figure  5B , the saturated concentration of Cu 2+ which almost completely quenches the fluorescence of 2,6-PPYPV-(2+) reaches to 8.0 × 10 −6 m. In addition, plots of fluorescence quenching efficiencies (I 0 /I) versus Pd 2+ and Cu 2+ concentration are shown in Figure 5C , respectively. Certainly, the K_SV of Cu 2+ in methanol solution is about 6 times larger than the K_SV of Cu 2+ in aqueous solution and it means the aggregation of polyelectrolytes molecules in water may influence the binding between metal ions and CPEs.
Thus, 2,6-PPYPV-(2+) have a stronger identification ability in methanol. In contrast, 2,6-PPYPV-(2+) cannot recognize Hg 2+ in methanol although it has a wonderful identification ability with the satisfying K_SV value about 8.6 × 10 −5 m −1 in aqueous solution. On the other hand, generally, the Stern-Volmer plots are found to be linear, in which the quenching mechanism is mainly due to the dynamic or static process. However, in some particular cases, especially for CPEs, the experimental results show positive deviation from the linear Stern-Volmer relation, which is caused by the combination of static quenching and dynamic quenching (30, 31) , so the Stern-Volmer plot cannot be described with the normal Stern-Volmer equation. As shown in Figure 5C and D, both plots show positive deviations which further suggest that 2,6-PPYPV-(2+) is a typical conjugated polyelectrolyte. Similarly, the fluorescence-quenching degrees of 2,6-PPYPV-(2+) with different metal ions are given in Figure 6 . All the concentrations of these metal ions are 8.0 × 10 −6 m which is the fluorescencequenching extreme limit of Pd
. It is shown that Pd 2+ have a highest fluorescence-quenching degree about 37. Cu 2+ also has a high quenching degree about 31, but other metal ions have ignorable quenching degrees (1-2.5). These results show that 2,6-PPYPV-(2+) exhibits great selectivity and sensitivity of Pd 2+ and Cu 2+ ions in methanol solution. It is shown that the fluorescence-quenching degrees of Pd 2+ and Cu 2+ are much higher than those of other metal ions. And the K_SV values for these two metal ions are at the same order of magnitude with PPE type conjugated polymer based on meta-pyridine (21) , but CPEs are watersoluble and can realize fluorescence sensing in water system compared to oil-soluble conjugated polymer.
Furthermore, the fluorescence-quenching degrees in methanol solution are generally bigger than that of aqueous solution. All of these results indicated that 2,6-PPYPV-(2+) could recognize Pd 2+ and Cu 2+ in methanol solution. 
Sensing properties of 3,5-PPYPV-(2+)
All the measurement methods of 3,5-PPYPV-(2+) in sensing properties are the same as 2,6-PPYPV-(2+). Unfortunately, as the result shows in Figure 7A, ) cannot lead to the same phenomenon (see Figure 7B) .
Furthermore, as shown in Figure 7C , with the addition of Pd , the value for Pd 2+ is much larger than it. Furthermore, colorimetric sensing by naked eyes is the simplest way to observe the response signal of sensors for some metal ions. With the purpose to implement quick, convenient and cheap sensing, the colorimetric phenomenon was recorded through photos (see Figure 9 ). All the polymer concentrations are 2.0 × 10 −5 m and metal concentrations are saturated.
In the photo of aqueous solutions of 2,6-PPYPV-(2+) with metal ions, these solutions do not have any difference from each other under daylight, but under exposure to ultraviolet light, the color of solutions in the presence of Hg 2+ and Cu 2+ changed. However, under the daylight, the methanol solutions of 2,6-PPYPV-(2+) with Pd 2+ and Cu
2+
changed from colorless to light brown. According to this phenomenon, it could be concluded that static quenching is existent in these mixture which is caused by the formation of polymer-metal complex. Under UV excitation, these two solutions hardly emit any visible fluorescence and other solutions exhibit a strong blue fluorescence. The methanol solutions of 3,5-PPYPV-(2+) exhibits the similar phenomenon as the solutions of 2,6-PPYPV-(2+) and the only difference among these solutions is that the color change of 3,5-PPYPV-(2+) with Cu 2+ is less visible than that of 2,6-PPYPV-(2+). These photos suggest that it is easy to detect metal ions such as Hg 2+ , Pd 2+ and Cu 2+ with these two novel conjugated polyelectrolyte solutions with the naked eye.
Conclusions
In summary, two novel meta-linked CPEs 3,5-PPYPV-(2+) and 2,6-PPYPV-(2+) have been designed, synthesized and characterized. From the aspect of metal sensing, Hg 2+ and Cu 2+ can obviously quench the fluorescence of 2,6-PPYPV-(2+) in aqueous solution and the plots of fluorescence quenching efficiencies (I 0 /I) versus concentration of Cu 2+ . All the results mentioned indicate that 2,6-PPYPV-(2+) has satisfactory recognition capability for Hg 2+ , Cu 2+ in aqueous solution and for Pd 2+ , Cu 2+ in methanol solution, respectively. As for 3,5-PPYPV-(2+), no metal ions can influence the fluorescence emission in aqueous solution. However, in methanol solution, Pd 2+ can completely quench the fluorescence of 3,5-PPYPV-(2+) and other metal ions do not cause any obvious changes of the emission. Moreover, the plot of fluorescence quenching efficiencies (I 0 /I) the versus concentration of Pd 2+ can be faultlessly fitted with a quartic equation. It is certain that 3,5-PPYPV-(2+) is an excellent material for exclusively detecting Pd 2+ . Finally, the colorimetric photos of polymer solutions with ions show that the two polymers have considerable potential to become effective analytical tools of fluorescence chemosensor for metal ions.
